Abstract. Osteonecrosis of the jaw (ONJ) is an adverse effect of bisphosphonate treatment that has become the subject of increasing investigations, in particular due to its poorly understood pathogenesis. Several experimental studies on animal models have been conducted; however, the majority of these replicate human ONJ following tooth extraction, and describe alterations in the bone and gingival epithelium when necrosis is manifested. The aim of the present study was to analyze the rat mandibular bone and gingival epithelium during 45 days of zoledronate treatment (which is a bisphosphonate agent), without tooth extraction. Intraperitoneal injections of zoledronate acid (0.1 mg/kg) were performed three times a week in normal male Wistar rats (n=20), while a control group of rats (n=20) was treated with saline solution for 45 days. After 7, 15, 30 and 45 days of drug treatment, all rats were sacrificed and hematoxilin and eosin staining, immunofluorescence and scanning electron microscopy analyses were performed. The results of the analyses after 7 and 15 days of treatment were similar in the treatment and control group. After 30 and 45 days of treatment, structural alterations were observed in the bone. No structural alterations to the gingival epithelium were observed. Based on these results, it was hypothesized that low doses of zoledronate act directly on the bone tissues to induce morphological alterations from bone to necrotic tissue following surgical procedures, although no cytotoxic effects were detected in the gingival epithelium.
Introduction
Bisphosphonates (BPs) are synthetic analogues of inorganic pyrophosphates, which act as potent inhibitors of osteoclast-mediated bone resorption (1, 2) . This type of drug is currently used in various pathological conditions, including postmenopausal osteoporosis, hypercalcemia associated with malignancy, lytic bone metastasis and other metabolic bone diseases (3, 4) . The two most potent and widely used nitrogen-containing BPs are zoledronate and alendronate, which inhibit the intracellular mevalonate pathway (5, 6) . The target protein of the nitrogen-containing BPs is considered to be farnesyl diphosphate synthase, an important regulatory enzyme for isoprenoid lipid production (6) .
Certain isoprenoid lipids, including farnesyl pyrophosphate and geranyl-geranyl pyrophosphosphate, serve an important role in the prenylation and activation of small GTPases, such as Ras, rhodopsin, Rac, Rab and cell division cycle 42 (7) . In turn, the small GTPases function as signaling proteins involved in the regulation of osteoclast morphology, cytoskeleton arrangement, membrane ruffling, trafficking and cell survival (8) (9) (10) (11) . Currently, the resulting adverse effects from BP treatment are an important issue. Although BPs are beneficial for several pathological conditions of the bone, BP-related osteonecrosis of the jaw (BONJ) has been reported (12) . BONJ has been predominantly observed in patients who underwent mechanical trauma, such as tooth extraction, or were affected by periodontal disease, as well as patients receiving corticosteroid treatment (1, 13, 14) . Despite the importance of the problem and numerous studies investigating BONJ since 2004 (1, 13, 14) , BONJ etiology and pathophysiology remain largely unknown. Several hypotheses have been proposed, including BP toxicity to oral epithelium, altered wound healing following tooth extraction, high turnover of the mandible and maxilla, oral biofilm formation, infection and inflammation, suppression of angiogenesis and bone turnover, and osteoblast death (15) (16) (17) (18) (19) .
Our previous studies (20, 21) conducted on epithelial and bone tissue samples from patients with BONJ demonstrated the presence of structural alteration of the bone; furthermore, a decrease or absence of adhesion proteins, sarcoglycans and integrins, was observed in the gingival epithelium of patients with BONJ. Therefore, it was hypothesized that two different pathogenic processes lead to BONJ: An indirect process, from the oral mucosa to the bone, and a direct process, from the bone to the mucosa (20, 21) .
ONJ is a complex disease that involves the interaction of multiple tissues and cell types in response to local wound healing; it is therefore difficult to replicate the disease conditions in vitro. Various animal models replicating the clinical, radiographic and histologic features of ONJ have been developed in rats, mice and mini pigs (22) (23) (24) . The majority of these animal models underwent tooth extraction following prolonged periods with high-dose BP treatment, suggesting that BPs alter bone healing and lead to bone exposure. However, a significant fraction of ONJ diseases occurs in the absence of tooth extraction.
Therefore, the present study used a rat model to observe the bone and gingiva during 45 days of zoledronate treatment, without tooth extraction. The aim of the present investigation was to analyze the changes that occur in the bone and in the gingiva during treatment with BPs in order to determine the mechanisms underlying the progression of bone osteonecrosis. Furthermore, based on the two previous hypotheses the study also aimed to determine which process, direct or indirect, leads to BONJ.
Materials and methods

Animals.
A total of 40 male Wistar rats (age, 7 weeks) were purchased from Janvier Labs (Saint Berhevin, France). The rats were housed in individual cages with bedding, and standard rat food and tap water were available ad libitum for the duration of the experimental period, unless otherwise noted. The rats were maintained under a 12-h light/dark cycle at a constant temperature of 22.0±0.6˚C. The rat handling procedures were conducted in accordance with the European Communities Council Directive of the 24th November 1986 (86/609/EEC). All experimental protocols were approved by the Committee for Animal Care and Use at the University of Messina (Messina, Italy). A total of 20 rats were treated with intraperitoneal injections of 0.1 mg/kg zoledronate (Novartis Pharmaceuticals Corporation East Hanover, NJ, USA) three times a week, and an additional 20 rats were injected with saline as a control. Doses and time schedules of drug administration were designed according to previous studies (25, 26) . After 7, 15, 30 and 45 days of treatment, 5 rats from each group were sacrificed by paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) injection into the left ventricle of the heart, and their mandibles were harvested and divided in two parts. One part was used for scanning electron microscopy (SEM) and the second part was used for histological and immunofluorescence analyses. In addition, gingival epithelia biopsies were obtained and used for histological and immunofluorescence analyses.
SEM. The tissue specimens were fixed with 2% glutaraldehyde (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) in 0.1 M phosphate buffer (Sigma-Aldrich) at pH 7.4 at room temperature. The specimens were dehydrated through a gradual increase in the concentration of ethanol and amyl acetate (1st solution: 25% ethanol, 25% amyl acetate, 50% distilled water; 2nd solution: 35% ethanol, 35% amyl acetate, 30% distilled water; 3rd solution: 40% ethanol, 40% amyl acetate, 20% distilled water; 4th solution: 45% ethanol, 45% amyl acetate, 10% distilled water and; 5th solution: 50% ethanol and 50% amyl acetate; Merck Millipore, Darmstadt, Germany). Subsequently, the tissue specimens were dried at critical-point in a Leica EM CPD030 Critical Point Dryer (Leica Microsystems GmbH, Wetzlar, Germany) using liquid CO 2 . The fractured surface of the mandible was mounted on stub supports (Tousimis, Rockville, MD, USA) and platinum coated with a Plasma Sciences CrC-100 Turbo-Pumped sputtering system (Electron Microscopy Sciences, Hatfield, PA, USA), and observed using a Phenom G2 Pro scanning electron microscope (Phenom-World B.V., Eindhoven, The Netherlands).
Histological analysis. Following perfusion, the tissue specimens were post-fixed with 2% glutaraldehyde and 12.5% formaldehyde (Sigma-Aldrich), and buffered in 0.1 M sodium cacodylate (pH 7.4; Sigma-Aldrich) at room temperature for 4 h. Following rinses in 13 M phosphate buffer (pH 7.3), the tissue specimens were decalcified in 4.13% ethylenediaminetetraacetic acid (pH 7.2; Hach Company, Loveland, CO, USA) for 30 days, dehydrated in ethanol and embedded in paraffin. Tissue sections (5 mm) were obtained using the Leica RM2255 microtome (Leica Microsystems GmbH) and stained with hematoxylin and eosin (H&E; Abbey Color, Philadelphia, PA, USA) for 15 and 5 min, respectively, at room temperature.
Immunofluorescence. Non-colored sections of bone and gingiva (10 mm), prepared during the histological analysis were deparaffinized twice in xylene (5 min each; Sigma-Aldrich), hydrated twice in 100% ethanol (3 min each), 95% ethanol (1 min), 90% ethanol (1 min) and 80% ethanol (1 min), and rinsed in distilled water. Pre-heating was conducted in a MW 200 steamer (De'Longhi Appliances S.r.l, Treviso, Italy) with a staining dish containing sodium citrate buffer (Sigma-Aldrich) at 95-100˚C.
To block non-specific sites and to make the membranes permeable, the mandible and gingiva tissue sections were pre-incubated with 1% bovine serum albumin and 0.3% Triton X-100 (both Sigma-Aldrich) in phosphate-buffered saline at room temperature for 15 min. Next, the tissue sections were incubated with primary antibodies at room temperature for 2 h. For the mandible tissue sections, the following primary antibodies were used: Rabbit polyclonal anti-receptor activator of nuclear factor-κB (RANK; 1:150; sc-9072; Santa Cruz Biotechnology, Inc.) to detect osteoclasts, and rabbit polyclonal anti-osteocalcin (1:200; sc-30045; Santa Cruz Biotechnology, Inc.) to detect osteoblasts. For gingival epithelia tissue sections, goat polyclonal anti-ε-sarcoglycan (1:100; Santa Cruz Biotechnology, Inc.) was used. Incubation with anti-RANK and anti-ε-sarcoglycan primary antibodies was followed by incubation with Texas Red-conjugated anti-goat (305-075-047) and Rhodamine Red-conjugated anti-rabbit (711-295-152) IgG (heavy&light chains), respectively (1:100; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA), at room temperature for 1 h. Incubation with anti-osteocalcin antibody was followed by incubation with fluorescein isothiocyanate-conjugated anti-rabbit fluorochrome (1:100; 111-095-046; Jackson ImmunoResearch Laboratories, Inc.) at room temperature for 1 h. The tissue samples were observed with a Zeiss LSM 510 confocal microscope (Zeiss AG, Oberkochen, Germany) equipped with an Argon laser (458 nm and 488 nm λ) and two HeNe lasers (543 nm and 633 nm λ). All images were digitized at a resolution of 8 bits into an array of 2,048x2,048 pixels. Optical sections of the fluorescent tissue specimens were obtained at 488 nm λ, and 62/sec scanning shipped with ≥8 repetitions on average. The detection pinhole was set for optimal resolution. Contrast and brightness were established by examining the most brightly labelled pixels and selecting settings that allowed clear visualization of structural details while keeping the highest pixel intensities ~200. Digital images were cropped and figure montages prepared using Adobe Photoshop 7.0 (Adobe Systems, Inc., San Jose, CA, USA).
Results
BP treatment.
The bone and gingiva tissue samples from all rats were observed by H&E staining, SEM and immunofluorescence. No differences were observed in the bone and gingiva tissue samples after 7 and 15 days of zoledronate (0.1 mg/kg) treatment, as compared with the control group. In addition, the results observed after 7 days were similar to those observed after 15 days of treatment. In the bone and gingiva tissue samples, several changes were observed after 30 and 45 days of treatment, as compared with the bone and gingiva tissue samples treated for 7 or 15 days, and the control group. The results observed at 30 and 45 days of treatment were similar. Based on these results, the tissue specimens were described and compared in two groups, including the 7-15 and 30-45 groups, according to the number of days after zoledronate treatment. No cases of necrosis or bone exposure were observed.
SEM. The images of the 7-15 group (Fig. 1) highlighted the presence of full osteocytic lacunae, Haversian systems and Volkmann canals in the cortical and trabecular alveolar bone regions. Conversely, images of the 30-45 (Fig. 1) group showed numerous empty osteocytic lacunae, which were particularly abundant in the cortical bone. Empty Haversian systems and Volkmann canals were also observed.
H&E staining. The mandibular bones after 7-15 days of zoledronate treatment (Fig. 2) exhibited similar characteristics to healthy bones, as evidenced by full osteocytic lacunae, presence of osteoblasts at the mineralization sides, full Howship's lacunae with osteoclastic rims, normal Haversian' systems, and Volkmann's canals. The normal structure of surrounding periodontal ligament and gingival mucosa were also observed.
Mandibular bones after 30-45 days of zoledronate treatment (Fig. 3) exhibited structural modifications as evidenced by empty osteocytic lacunae, which were particularly abundant in the cortical bone surrounding the alveolar socket. The presence of empty Howship's lacunae, Haversian systems 
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and Volkmann canals was also noted. No osteoblastic rims were observed in a wide area of bone surrounding the tooth root region, as evidenced by the absence of osteoblasts in the mineralized side. Occasionally, the surrounding tissue samples exhibited altered structure, as evidenced by abnormal gaps between the periodontal ligament and bone; however, the gingival epithelium and connective tissue showed normal organization. Regions of healthy bone were also observed in these samples.
Immunofluorescence. Immunofluorescence analysis of the 7-15 group specimens (Fig. 4A-D) showed the presence of osteoclasts and osteoblasts, as evidenced by the RANK (red) and osteocalcin (green) markers, respectively. Osteoclasts were detected in Howship's lacunae. Conversely, bone specimens in rats treated with zoledronate for 30-45 days ( Fig. 4E-H 
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along the epithelial layers in both the 7-15 and 30-45 groups ( Fig. 4I and J, respectively).
Discussion
BP therapy is currently used to contrast several bone pathological conditions, including multiple myeloma, metastatic disease of the skeleton, Paget's disease of the bone and osteoporosis (3, 4) . This type of drug inhibits osteoclast bone resorption, thereby inhibiting loss of bone mass. It is well established that a recognized side effect of BP is BONJ (12) . The etiology and pathogenesis of BONJ remain unclear, although several hypotheses have been proposed. It was initially proposed that a hypoxic/ischemic signaling pathway leads to BONJ, due to the anti-angiogenic properties of the drugs (17, 18) . Currently, the most accredited hypothesis suggests that the accumulation of BPs in the bone inhibits osteoclast activity and their ability to maintain the bone integrity (8) (9) (10) (11) . BPs also inhibit the regenerative mechanisms underlying periodontal disease, tooth extraction and invasive surgical treatment in the alveolar bone (13) . BONJ has been predominantly observed in patients who underwent surgical treatment, such as tooth extractions or implant placement, or following traumatic events (13, 14) . However, the lesions may also occur spontaneously with no history of surgical procedures, trauma or radiation therapy. Our previous studies, conducted on intrasurgical perilesional bone and gingiva tissue biopsies from patients with BONJ, demonstrated the presence of bone structural modifications with empty lacunae, absence of matrix and presence of unorganized fibrillar structures (20, 21) . In the gingival epithelium a decrease or absence of sarcoglycan and integrin transmembrane proteins was observed (20) , proteins which have a role in cell-cell and cell-matrix adhesion (27) (28) (29) . In addition, an increase in vascular endothelial growth factor expression was observed (21) . The observation of structural alterations in the gingival epithelium and bone suggested that BPs may act via two processes: A direct process or an indirect process (21) . In the direct process, BPs may act directly on the bone to induce matrix necrosis, particularly in the maxilla and mandibular bone due to their high levels of bone remodeling from the constant stress of the masticatory forces (21) . In the indirect process, drugs may induce epithelial modification and absence of cell-cell and cell-matrix adhesion, which allows bacterial transit to the bone in the oral region causing osteomyelitis (21) .
The limitation of the aforementioned studies, as well as of investigations on a human model, is the difficulty of successful bone and gingiva tissue sample analysis prior to necrosis. Therefore, it has yet to be established whether the observed damage depends on necrotic or surgical events, specifically in the case of the gingiva. The present study used a rat experimental model in order to circumvent these problems. Previous studies using rat models have already been conducted (30, 31) , although the majority of these replicate human clinical and histological features of BONJ by investigating the mandibular bone or gingival epithelium following tooth extraction, when bone necrosis has already begun.
A previous report described the bone and gingival epithelium of rats prior to tooth extraction, demonstrating the presence of structural alteration of the bone, as evidenced by empty osteocytic lacunae and inflammation in the gingival mucosa (22) . However, the study used histological techniques alone, and gingival inflammation was not fully characterized.
In the present study, the rat mandibular bone and gingiva were observed after 7, 15, 30 and 45 days of zoledronate treatment without tooth extraction. The results, obtained by SEM, hematoxylin and eosin staining, and immunofluorescence demonstrated that the mandibular bone at 7 and 15 days of treatment exhibited similar features to those of healthy bone. Only after 30 days of treatment it was possible to observe structural alteration in large surface areas of the bone, as evidenced by empty osteocytic lacunae, and a marked reduction in the number of osteoblasts and osteoclasts. According to a previous investigation, these morphological features depend on molecular mechanisms underlying BP inhibition of the mevalonate signaling pathway; BPs act by preventing the prenylation and activation of small GTPases that are essential for the bone-resorbing activity and survival of osteoclasts (32) . Furthermore, another study suggested that BPs may also have toxic effects on osteoblasts (19) . It is known that osteoblasts are important to osteoclast differentiation and activation through the release of osteoclast-activating factors. BPs may induce a reduction in osteoclasts and osteoblasts; in turn, reduction of osteoblasts may inhibit bone-resorbing activity, and the survival of osteoclasts may induce osteonecrosis.
The results of the present study also demonstrated the presence of empty Haversian and Volkman's canals. These observations may be explained by the inhibitory effect of BPs on angiogenesis (17, 18) , which is of particular interest since ONJ lesions may result from ischemic changes to the tissues. Conversely, another study suggested that BPs exerted a dose-dependent effect on vascularization, and no anti-angiogenic effect was observed with clinical dosing (33) . Although several hypotheses have been proposed, the anti-angiogenic mechanisms underlying the effects of BPs remain to be elucidated, and further investigations are required to identify specific markers of angiogenesis.
In two rats, detachment of the periodontal ligament from the bone was observed. It has been demonstrated that nitrogen-containing BPs, upon release from the jawbones in which they previously accumulated, may have a cytotoxic effect on various cells located around the jawbones (34) . Furthermore, a decrease in osteoclast activity was demonstrated to influence the differentiation of periodontal ligament cells (35, 36) . However, the data of the present study was not statistically significant and, for this reason, the observations are not attributable to the effect of BPs.
An important finding of the present report was the absence of gingival epithelium lesions as evidenced by H&E staining, which demonstrated the presence of a normal epithelial structure. Furthermore, immunofluorescence showed that α-sarcoglycan expression was present in all tissue specimens. The sarcoglycan family includes six transmembrane glycoproteins that have a role in cell-cell and cell-matrix adhesion (37) (38) (39) . Therefore, the presence of α-sarcoglycan indicated the absence of structural and functional alteration in the gingival epithelium in the 7-15 and 30-45 day treatment groups. The presence of structural modifications of the bone but no gingival lesions further support the hypothesis of a direct pathogenic event leading to BONJ. Furthermore, the present study used an animal model to understand which are the pathogenic events that occur in a short time frame of BP treatment without spontaneous or surgically-induced osteonecrosis. It is possible to speculate that this animal model may replicate human conditions (BP treatment in the absence of spontaneous or surgically-induced osteonecrosis). On this basis, it is possible to consider the mandibular bones of patients treated with BPs as bones which have lost healthy features. This state at the early stage of BONJ was defined as stage 0 according to the modified AAOMS criteria. A lost feature may be the regenerative ability required following tooth extraction and invasive surgical treatment of the alveolar bone, allowing bacterial infections and necrotic bone exposure. This condition may be defined as the late stage of BONJ, corresponding to stages 2 and 3 according to the modified AAOMS criteria (40) .
In conclusion, the present study aimed to analyze the rat mandibular bone and gingival epithelium during 45 days of zoledronate treatment without tooth extraction, in order to determine the mechanisms underlying the progression of bone osteonecrosis. The results of the present study demonstrated that, after 30 and 45 days with low dose zoledronate treatment, the mandibular bone underwent morphological changes that may predispose the bone to necrosis when trauma is applied. Further studies should focus on animal models to further investigate the role of BPs in the development of BONJ, in order to develop a therapeutic strategy.
